Background/Aims: Interleukin (IL)-17A, a proinflammatory cytokine, has been implicated in several autoimmune diseases. However, it is unclear whether IL-17A is involved in diabetic retinopathy (DR), one of the most serious complications of autoimmune diabetes. This study aimed to demonstrate that IL-17A exacerbates DR by affecting retinal Müller cell function. Methods: High glucose (HG)-treated rat Müller cell line (rMC-1) was exposed to IL-17A, anti-IL-17A-neutralizing monoclonal antibody (mAb) or/and anti-IL-17 receptor (R)A-neutralizing mAb for 24 h. For in vivo study, DR was induced by intraperitoneal injections of streptozotocin (STZ). DR model mice were treated with anti-IL-17A mAb or anti-IL-17RA mAb in the vitreous cavity. Mice that were prepared for retinal angiography were sacrificed two weeks after intravitreal injection, while the rest were sacrificed two days after intravitreal injection. Results: IL-17A production and IL-17RA expression were increased in both HG-treated rMC-1 and DR retina. HG induced rMC-1 activation and dysfunction, as determined by the increased GFAP, VEGF and glutamate levels as well as the downregulated GS and EAAT1 expression. IL-17A exacerbated the HG-induced rMC-1 functional disorders, whereas either anti-IL-17A mAb or anti-IL-17RA mAb alleviated the HG-induced rMC-1 disorders. Intravitreal injections with anti-IL-17A mAb or anti-IL-17RA mAb in DR model mice reduced Müller cell dysfunction, vascular leukostasis, vascular leakage, tight junction protein downregulation and ganglion cell apoptosis in the retina. Conclusions: IL-17A aggravates DR-like pathology at least partly by impairing retinal Müller cell function. Blocking IL-17A is a potential therapeutic strategy for DR.
Introduction
Interleukin (IL)-17, a proinflammatory cytokine, is principally produced by T-helper (Th)17 cells. The IL-17 cytokine family consists of six cytokines (IL-17A-IL-17F) and five receptors (IL-17RA-IL-17RE) [1] . IL-17A is one particular cytokine that has raised substantial interest in the recent years, as it has been implicated in several autoimmune diseases, such as rheumatoid arthritis, psoriasis, and multiple sclerosis [2, 3] . However, still of diabetes, according to this report that at 10-14 weeks after hyperglycemia of STZ mice, the retinas show representative DR pathology [32, 33] . All animal procedures were in line with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research, and were approved by the Institutional Animal Care and Use Committees of Nanjing Medical University.
Intravitreal injection
Intravitreal injections were performed on the mice anesthetized with isoflurane inhalation under a surgical microscope according to the description by Hombrebueno et al. [34] with some modifications. After a tiny incision was made by 30-gauge needle 1 mm behind the limbus in deeply anesthetized mice, a 33-gauge needle mounted on a 10-μl microsyringe (Hamilton, Reno, NE, USA) was inserted through the incision with a 45° angle into the vitreous cavity. Anti-IL-17A-neutralizing mAb (2 or 10 μg/2 μl in PBS per eye) and anti-IL-17RA-neutralizing mAb (0.4 or 2 μg/2 μl in PBS per eye) (both from R&D Systems, Minneapolis, MN, USA) were administered to the vitreous cavity of STZ mice, respectively. In the same method, 2 μl of PBS was injected into the eye as control. Mice that were prepared for retinal angiography were sacrificed two weeks after intravitreal injection, while the rest were sacrificed two days after intravitreal injection.
Cell culture and treatments
The rMC-1 (Northwestern University, Chicago, IL, USA) was grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5 mM D-glucose. To mimic diabetes in vitro, rMC-1 was maintained in DMEM with high concentrations of D-glucose (15 or 25 mM) for 48 h. Rat recombinant IL-17A (10, 25 or 50 ng/ml; BioVision, Milpitas, CA, USA), anti-IL-17A-neutralizing mAb (1 or 2 μg/ml; R&D Systems, Minneapolis, MN, USA), or/and anti-IL-17RA-neutralizing mAb (1 μg/ml; R&D Systems, Minneapolis, MN, USA) were applied to rMC-1 with 25 mM glucose DMEM for 24 h.
Western blot analysis
Cells and retinas were isolated and homogenized in RIPA buffer with protease inhibitor cocktail (Roche Molecular Biochemicals, Indianapolis, IN, USA) according to the methods described previously [13] . Primary antibody against IL-17A (1:200) was from Santa Cruz Biotechnology (Dallas, Texas, USA); primary antibodies against IL-17RA (1:200), GFAP (1:10000), VEGF (1:1000), GS (1:1000), EAAT1 (1:1000), occludin (1:2000) , zonula occludens-1 (ZO-1; 1:50), and β-actin (1:5000) were all from Abcam (Cambridge, MA, USA). Anti-rabbit or mouse IgG (1:5000, Rockland, Limerick, PA, USA) were used as secondary antibodies for detection. The images of bands were visualized and the intensities were quantified by Odyssey (LI-COR, Lincoln, NE, USA).
Enzyme-linked immunosorbent assay (ELISA)
Protein levels in retinal homogenates, cell culture media and cell homogenates were respectively determined using commercially available ELISA kits for IL-17A, GFAP and VEGF (Millpore, Temecula, CA or R&D Systems, Minneapolis, MN, USA) on the basis of manufactures' instructions and the report of Huang et al. [13] . Protein titers were calculated by a reference to a standard curve constructed using known amounts of recombinant IL-17A, GFAP or VEGF.
High performance liquid chromatography (HPLC)
Previous to performing HPLC as described elsewhere [35] , cells and retinas were homogenized in perchloric acid (0.1 M) at 4°C. The calculations of the glutamate peak area were carried out, and quantification was allowed by running standard amino acid solutions under the same conditions.
Retinal leukostasis
Leukocytes adherent to retinal vasculature were labeled with fluorescein isothiocyanate (FITC)-conjugated concanavalin A (20 μg/ml in PBS; Vector Laboratories, Burlingame, CA, USA), as previously described [36] . Briefly, after anesthetized with isoflurane inhalation, mice were perfused with 10 ml of PBS from the left heart ventricle to remove erythrocytes and non-adherent leukocytes, followed by perfusion of FITC-concanavalin A (5 mg/kg body weight), and PBS of 10 ml to flush out unbound concanavalin A. The eyes were enucleated and fixed in 4% paraformaldehyde (PFA) for 1 h, and the retinas were flat mounted. Total number of adherent leukocytes per retina was counted under a fluorescence microscope. Retinal angiography Mice were anaesthetized with isoflurane inhalation and 1 ml of PBS containing 50 mg/ml FITC-dextran (2×10 6 molecular weight; Sigma-Aldrich, St. Louis, MO, USA) was circulated through the left heart ventricle as described by Han et al. [37] . After perfused with FITC-dextran, mice were sacrificed, and enucleated eyecups were fixed in 4% PFA for 1 h. The retinas were dissected, flat mounted onto glass slides, and viewed by fluorescence microscopy.
Immunohistochemistry and TUNEL staining
For rMC-1 immunocytochemistry, the cells grown on slides were fixed, permeabilized and blocked as previously reported [22] . Rabbit primary antibodies against GFAP (1:1000; Abcam, Cambridge, MA, USA), IL-17A (1:100; Santa Cruz Biotechnology, Dallas, Texas, USA) and IL-17RA (1:100; Abcam, Cambridge, MA, USA) were used to incubate the cells, respectively, overnight at 4°C. After staining with anti-rabbit Alexa Fluor 647 (1:200; Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 2 h and Hoechst (1:1000; Dojindo Laboratories, Kumamoto, Japan) for 5 min at room temperature, the slides were observed by fluorescence microscopy. Average number of Hoechst-stained cells in three visual fields of each slide was counted as 100%, and in the same three visual fields, average number of GFAP/Hoechst, IL-17A/Hoechst or IL-17RA/Hoechst double-positive cells in each slide was calculated as a percentage in the Hoechst-stained cells.
To prepare frozen retinal sections, the ocular anterior segments were removed and the remaining eyecups were fixed with 4% PFA for 6 h, followed by cryoprotected in a series of sucrose solution (10-30%). The sectioned retinas were incubated with rabbit antibody against VEGF and mouse antibody against GS (both 1:200; Abcam, Cambridge, MA, USA) in sequence overnight at 4°C. After the sections were stained with secondary antibodies including anti-rabbit Alexa Fluor 647 and anti-mouse FITC (1:200; Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 2 h at room temperature, DAPI (1:1000; Solarbio Science & Technology, Beijing, China) staining for 5 min was used to label cell nucleus.
To detect apoptosis of retinal ganglion cells, the retinal sections that had been stained with NeuN (1:200; Abcam, Cambridge, MA, USA) were tested by TUNEL according to the manufacturer's protocol (Roche Diagnostics, Indianapolis, IN, USA). All the sections mentioned above were visualized by fluorescence microscopy and number of NeuN/TUNEL double-labeled cells was counted. In each section, three visual fields near retinal central area were counted as a sum, and an average of three sections in each retina was recorded as the number of NeuN/TUNEL double-labeled cells.
Electron microscopy
Isolated retinas were fixed in 2.5% glutaraldehyde and made into ultrathin sections as described previously [38] . The ultra-structure of the retinal ganglion cell layer (GCL) was observed under a transmission electron microscope (JEM-1230, JEOL, Tokyo, Japan).
Statistical analysis
The results are expressed as mean ± standard deviation and statistical analyses were performed with Statistics Package for Social Science (SPSS, 12.0). A Student's t test was used for comparisons between two groups, while group differences were evaluated by one-way analysis of variance (ANOVA), followed by post hoc analysis. Results were considered statistically significant at P < 0.05.
Results

Expression of IL-17A and IL-17RA is upregulated in both STZ-induced diabetic retina and HG-treated rMC-1
To confirm that STZ induced diabetic changes, we measured blood glucose concentration and body weight at two weeks after first STZ injection. Compared with vehicle-treated control mice, STZ-treated mice had an increased blood glucose concentration (18.73 ± 2.35 mM, n = 45, vs. 8.35 ± 0.98 mM, n = 24, P < 0.01) and a decreased body weight (20.56 ± 1.00 g, n = 45, vs. 23.81 ± 0.97 g, n = 24, P < 0.01). At three months after the onset of diabetes, STZ-treated mice manifested an upregulated IL-17A and IL-17RA expression as well as an increased IL-17A content in the retina, with respect to vehicle-treated control mice (Fig. 1A and 1B) .
In HG-treated rMC-1, the numbers of both IL-17A-and IL-17RA-stained cells were increased (Fig. 1C) , as well as the expression of both IL-17A and IL-17RA was upregulated (Fig. 1D) . These effects of 25 mM HG were larger than those of 15 mM HG (Fig. 1C and  1D) . Moreover, IL-17A concentration in cultured rMC-1 supernatants was increased in HG condition (Fig. 1E) . In addition, both GFAP-labeled cell number and GFAP expression level were increased in HG-treated rMC-1 relative to in control rMC-1 ( Fig. 1C and 1D ). This confirms an activation of rMC-1 by HG.
IL-17A exacerbates HG-induced rMC-1 activation and dysfunction via IL-17RA
GFAP and VEGF expression was upregulated, but GS and EAAT1 expression was downregulated in rMC-1, when the cells were exposed to HG (25 mM) ( Fig. 2A) . Importantly, treatment of rMC-1 with IL-17A (10, 25 or 50 ng/ml) exacerbated the HG-induced changes in expression of GFAP, VEGF, GS and EAAT1 (Fig. 2A) . These effects of IL-17A were larger at the higher concentration than at the lower concentration. In contrast, anti-IL-17A-neutralizing mAb (1 or 2 μg/ml) reduced the HG-induced changes in expression of GFAP, VEGF, GS and EAAT1 in rMC-1 ( Fig. 2A) . In addition, anti-IL-17RA-neutralizing mAb (1 μg/ml) not only reduced the HG-induced changes, but also blocked the IL-17A effects ( Fig. 2A) . Similarly, GFAP content in the cultured rMC-1 lysates, VEGF concentration in the cultured rMC-1 supernatants, and glutamate content in the rMC-1 lysates were increased in HG condition and were further increased by IL-17A exposure (Fig. 2B, 2C and 2D) . Either anti-IL-17A mAb or anti-IL-17RA mAb reduced the HG-induced changes in production or secretion of GFAP, VEGF and glutamate in rMC-1 (Fig. 2B, 2C and 2D ). Anti-IL-17RA mAb also blocked the IL-17A effects (Fig. 2B, 2C and 2D) . 
Either anti-IL-17A mAb or anti-IL-17RA mAb alleviate retinal Müller cell activation and dysfunction in STZ-induced DR
GFAP and VEGF expression and glutamate content were increased, whereas GS and EAAT1 expression was downregulated in the retina of STZ-induced DR (Fig. 3A and 3B) . Notably, intravitreal injections of anti-IL-17A mAb (2 or 10 μg/2 μl) or anti-IL-17RA mAb (0.4 or 2 μg/2 μl) in STZ-treated mice ameliorated the retinal changes in expression or production of GFAP, VEGF, GS, EAAT1 and glutamate, compared with intravitreal injection of PBS ( Fig. 3A and 3B) . As a control of intravitreal administration, PBS intravitreal injection in STZ-treated mice did not alter the diabetes-induced retinal disorders (Fig. 3A and 3B) .
To demonstrate that the retinal disorders were linked to Müller cell dysfunction, we examined the change in co-expression of GS, a marker of retinal Müller cells, and VEGF in the retina using fluorescent immunohistochemistry. As expected, GS expression was diminished whereas VEGF expression was increased in STZ-induced diabetic retina (Fig. 3C) . Importantly, the co-expression of GS and VEGF was enhanced in diabetic retina, and this enhancement was reduced by intravitreal treatments with anti-IL-17A mAb or anti-IL-17RA mAb (Fig. 3C) .
Both anti-IL-17A mAb and anti-IL-17RA mAb ameliorate BRB breakdown in STZ-induced DR
BRB breakdown was determined by retinal vascular leukostasis, vascular leakage, and expression of occludin and ZO-1, the interendothelial tight junction proteins. The number not have well-developed lymphatic drainage [39] , the ocular tissue is often deemed to be immunoprivileged. Recently, a few studies suggest that Th17 cells infiltrate from circulation into the eye across retinal vascular endothelium to participate in inflammatory response during degeneration of retinal pigment epithelium (RPE) [40] and in autoimmune uveitis [41] . Here we for the first time show that IL-17A is also produced by retinal Müller cells in DR.
Retinal Müller cells play a critical role in DR occurrence and development. Activation of Müller cells, shown by an increased expression of GFAP, is a sign of human early DR pathology [42] . Müller cells are also a major source of retinal VEGF in diabetic mice and Müller cell-derived VEGF plays an essential and causative role in retinal inflammation and vascular leakage in DR [21] . In addition, retinal glutamate accumulation, because of Müller cell downregulation of GS and EAAT1 in DR, leads to excitotoxicity particularly to retinal neurons [43, 44] . These disorders in expression, production or/and secretion of GFAP, VEGF, GS, EAAT1 and glutamate in DR were demonstrated in the current study. Importantly, exogenously-added IL-17A exacerbated HG-induced rMC-1 activation and functional impairment. These findings suggest that IL-17A induces retinal Müller cell inflammatory response, by which DR occurs and develops.
BRB deterioration, which is characterized by reduced blood flow, leukostasis, increased vascular permeability, and pathological angiogenesis, is a cardinal manifestation of DR [45, 46] . As expected, diabetic retina had an increased leukostasis and vascular leakage as well as a downregulated expression of the tight junction proteins occludin and ZO-1. BRB is composed of both an inner and an outer barrier. The outer BRB is formed by RPE cell layer and the inner BRB comprises the microvascular endothelium that lines the retinal microvasculature [47] . The tight junctions located between these cells mediate highly selective diffusion of molecules from the blood to the retina. Our present results showing a downregulated retinal expression of the tight junction proteins in DR represent a mechanism underlying BRB breakdown. As a support, other authors present that IL-17A compromises ARPE-19 (RPE cell line) monolayer barrier function in association with a disrupted distribution of the junction proteins occludin and ZO-1 [48] . In addition to BRB deterioration, retinal neuronal apoptosis is reported in DR patients and mice [49, 50] . In retinal neurons, ganglion cells are the best studied neurons with respect to the effect of diabetes [51, 52] . In this study, the increased retinal ganglion cell apoptosis in DR was identified. We explain that the decrease in glutamate recycling in dysfunctional Müller cells in response to IL-17A is a critical cause for neuronal death in DR.
Antibodies targeting IL-17A or its receptor, IL-17RA, are approved to treat psoriasis and are being evaluated for other autoimmune conditions [53, 54] . We found that intravitreal treatment with anti-IL-17A-neutralizing mAb alleviated DR-like pathology, including retinal Müller cell activation and dysfunction, BRB breakdown, and retinal ganglion cell apoptosis. The effective remedy of DR by anti-IL-17A mAb demonstrates that IL-17A, which may be produced by and secreted from retinal Müller cells in DR, participates in retinal inflammatory events and thereby promotes DR processes. IL-17A also probably originates from Th17 cells that may infiltrate into the retinal parenchyma from the blood vessels through the damaged BRB in DR. Further evidence is needed to identify this hypothesis. An anti-IL-17A mAb that exhibits high affinity and protective in vivo capacity even in germline configuration has implications for B-cell tolerance as well as the regulation of cytokine networks [24] . Here we provide new evidence showing that anti-IL-17A mAb treatment via the vitreous cavity is a promising therapeutic strategy for DR.
In addition to anti-IL-17A-neutralizing mAb, anti-IL-17RA-neutralizing mAb also ameliorated the DR-like pathology. Moreover, IL-17A effect of aggravating rMC-1 activation and functional impairment was blocked by anti-IL-17RA mAb. The results demonstrate that IL-17RA mediates IL-17A action in DR. Indeed, IL-17RA was expressed by rMC-1 in this study. Although IL-17RA is also expressed by other retinal cells, such as retinal astrocytes and RPE, in vitro investigation shows a weak inflammatory effect of RPE cells in response to IL-17A [55] . Accordingly, we propose that retinal Müller cells are a predominant target for IL-17A in DR. Müller cell abnormality has been linked to BRB breakdown and retinal neuronal dysfunction and death [56] . This supports our hypothesis that by inflammatory injury to retinal Müller cells, IL-17A accelerates DR progression. Thus, blocking IL-17RA on retinal Müller cells alleviates DR-like pathology.
Within the past decade, anti-VEGF agents have revolutionized the treatment of several retinal diseases, including diabetic macular edema (DME), for which anti-VEGF agents are now accepted as first-line treatment [56] . In contrast, the effects of anti-VEGF agents on the severity of DR aside from DME are more incompletely established [56] . Therefore, anti-VEGF agents are being explored as an alternative and adjunctive therapeutic strategy in the treatment of DR [57] [58] [59] . In the current study, IL-17A promoted VEGF secretion from retinal Müller cells, which was involved in DR inflammatory pathogenesis. Accordingly, a combined treatment with anti-VEGF and anti-IL-17A or anti-IL-17RA may be more promising for blocking VEGF and ameliorating DR than a single treatment. This hypothesis needs to be further investigated particularly in human Müller cells such as the human Müller cell line MIO-M1.
In summary, both IL-17A and IL-17RA production is increased in retinal tissue and rMC-1 in DR. Exogenously-added IL-17A exacerbates HG-induced rMC-1 activation and dysfunction, whereas either anti-IL-17A mAb or anti-IL-17RA mAb alleviate the HG-induced rMC-1 disorders. Blocking IL-17A via intravitreal injections of anti-IL-17A mAb or anti-IL-17RA mAb effectively ameliorates DR-like pathology, including retinal Müller cell disorders, BRB disruption, and retinal ganglion cell apoptosis. These findings establish that IL-17A participates in inflammatory events of DR and promotes DR pathology at least in part by
